The microstructural details of fourteen Mg-Al-Sr alloys were investigated in the as-cast form by a combination of scanning electron microscopy/energy dispersive spectrometer (SEM/EDS) analysis and quantitative electron probe microanalysis (EPMA). The heat transfer method coupled with the DSC measurement has been utilized to determine the solidification curves of the alloys. The morphology and the chemical composition of the phases were characterized. The microstructure of the alloys is primarily dominated by (Mg) and (Al 4 Sr). In the present investigation, ternary solid solubility of three binary compounds extended into the ternary system has been reported and denoted as: (Al 4 Sr), (Mg 17 Sr 2 ) and (Mg 38 Sr 9 ). The (Al 4 Sr) phase is a substitutional solid solution represented by Mg x Al 4Àx Sr and has a plate-like structure. The maximum solubility of Al in Mg 17 Sr 2 was found to be 21.3 at%. It was also observed that Mg 38 Sr 9 dissolved 12.5 at% Al. r
Introduction
The interest in Magnesium-based alloys is continuously increasing, especially because of their applications in the transportation industry for weight reduction and the consequent increased fuel efficiency [1, 2] . However, magnesium alloys face a challenge at higher temperature application because of their limited creep properties. In recent years, Mg-Al-Sr alloy system has emerged as a potential system for heat-resistant Mg-alloys [3] . Noranda developed alloys based on the Mg-Al-Sr system, which are being used by BMW for the manufacturing of die-cast engine blocks [4] .
Within the ternary Mg-Al-Sr system, there is a huge amount of possibilities to select alloy compositions. Wrought magnesium, particularly in the form of sheet, represents a tremendous growth opportunity in magnesium alloys applications. Significant improvement in creep resistance has been achieved. But the phase relations and phase stability under given conditions can be better understood through microstructural characterization. To date, little effort has been made to construct the phase relationships of the Mg-Al-Sr system. The published experimental works on the phase equilibria of the Mg-Al-Sr system are self-contradictory. Prince et al. [5] summarized the work done on the Mg-Al-Sr system. The experimental work on the phase equilibria of the Mg-Al-Sr system was primarily originated by Makhmudov and coworkers in early 1980s [6] [7] [8] [9] [10] . However, inconsistency was noticed between their works. Makhmudov et al. [8] , also, reported a ternary compound with stoichiometry of Al 34 Mg 6 Sr 60 (Al 6 MgSr 10 ), which is different from the earlier reported X compound. The solubility limits for the binary compounds determined by Makhmudov et al. [9] do not agree with the 400 1C isothermal section given by Makhmudov et al. [8] in 1981. Prince et al. [5] developed a tentative liquidus surface using the experimental results from Refs. [7] [8] [9] [10] with some disagreements in identifying the invariant points. Baril et al. [11] investigated four samples in the Mg-rich region of the Mg-Al-Sr system and tentatively designated a ternary phase as Al 3 Mg 13 Sr. In their work, the stoichiometry is not clearly identified and the chemical composition is not compatible with the ternary compound Al 34 Mg 6 Sr 60 reported by Makhmudov et al. [8] . Jing et al. [12] recently investigated the microstructure and tensile creep behavior of Mg-Al-Sr (AJ) based alloys and reported that a ternary interphase exists in the alloys containing 2-3 wt% Sr at the grain boundaries. Czerwinski and Zielinska-Lipiec [13] investigated the microstructural evolution of a Mg 5 Al 2 Sr (wt%) alloy and reported that the common feature of Sr-containing phases in the as-cast ingots is their location at grain or sub-grain boundaries. The presence of Mg 17 Al 12 suggests an insufficient amount of Sr to bind all Al. At the same time, however, Sr reacted exclusively with Mg forming Mg 17 Sr 2 . Hence, it is very likely that the local segregation of Al and Sr led to a variety of phases. Chartrand and Pelton [14] reviewed and calculated the thermodynamic properties of the Mg-Al-Sr ternary and related binary sub-systems. No ternary terms were added to the thermodynamic model due to the uncertainties related to the existence, stability, homogeneity range and the melting and decomposition temperatures of the ternary compounds. In 2003, Koray et al. [15] calculated the liquidus projection of the ternary Mg-Al-Sr system that is very similar to Chartrand and Pelton's [14] calculation except for the narrower phase field of Mg 2 Sr. The calculated phase diagram of [14, 15] exhibited substantial disagreement with the experimental data. The extended solubilities between the solid phases were not considered in the thermodynamic assessment. Makhmudov et al. [6] [7] [8] [9] [10] reported an isothermal section at 400 1C [9] that shows a triangulation involving (Mg), Mg 17 Sr 2 and g phase. This seems unlikely, as the thermodynamic stabilities of these compounds are lower than Al 4 Sr and Al 2 Sr at this temperature. Further, the thermodynamic optimization of Chartrand and Pelton [14] shows that these compounds are in triangulation with Al 2 Sr. From these discrepancies, it is believed that these thermodynamic evaluations of the ternary system should be revised. Besides, in the experimental work of Makhmudov et al. [9] , the binary compound Mg 38 Sr 9 was not included in the Mg-Al-Sr phase diagram. In 2004, Liu et al. [16] reported the potential existence of Al 3 Sr 8 and Al 5 Sr 4 compounds. Considering these compounds in the thermodynamic model will definitely alter the phase equilibria of the Mg-Al-Sr ternary diagram. A considerable discrepancy among the published results and very few experimental data demands new investigation for this system. This article presents solidification curves deduced from the DSC measurement, SEM/EDS and EPMA analyses to identify the phases in the Mg-Al-Sr system and to determine their compositions and answers many questions that were raised in previous articles [17] [18] [19] .
Experimental
Fourteen alloys were chosen by critical assessment of the experimental and thermodynamic datasets that are avail-able in the literature. Table 1 lists the different groups with the number of compositions and their phase fields that were predicted by thermodynamic calculations based on the model of Chartrand and Pelton [14] . Special attention was directed to the Mg-rich corner because of the interest in the Mg alloys. In order to study the phase triangulations of Al 4 Sr and Mg 17 Sr 2 with Mg and Al 4 Sr with Mg and g, samples containing this phase were also chosen. This will help in determining the extent of the Mg 17 Sr 2 and Al 4 Sr phase fields.
Mg-Al-Sr alloys were prepared by melting stoichiometric amounts of the constituent elements in an induction-melting furnace under argon with 1%SF 6 (sulfur hexafluoride) to protect the melt from oxidation. In preparing the alloys, magnesium of 99.8 wt%, aluminum of 99.9 wt% and strontium of 99 wt% were used. The isothermal section of the Mg-Al-Sr system, based on the work of [14] , at room temperature with the investigated compositions in weight percentage is given in Fig. 1 . The actual chemical composition was measured quantitatively by ICP atomic emission spectrometry. The loss in total mass was below 2% for most of the samples. SEM/EDS and EPMA were used to examine the phase compositions in the studied alloys. Chemical composition of the phases was determined using a CAMECA SX51 EPMA by which the measurements were carried out on three locations for each phase and the average was used in the present analysis. To limit the electronspecimen interaction volume, a relatively low acceleration voltage was used for the analysis because some of the phases occur in relatively small morphologies. Pure Mg and Al 4 Sr standards were used for the EPMA quantitative analysis. Furthermore, to assure the homogeneity, the samples were taken from different locations in the castings and identical phase transformations using DSC were observed. The melting enthalpy of these samples was very similar. Morphologies of the same compositions at different locations from the castings were found similar.
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The solidification curves established from the DSC measurements are based on the heat transfer between the sample and the reference as shown by Tian equation [20, 21] . Heat flow produced inside the sample (reaction, transition) can be written as
where f ¼ f fr À f fs is the heat flow difference between the sample and the reference which is directly measured by the DSC, t is the time, R fs and C s are the heat transfer resistance and heat capacity of the sample. The second term,ðC s À C r ÞðdT r =dtÞ, takes the asymmetry in the heat capacities of the sample and reference into account and is assumed negligible. This assumption is valid because the DSC curve is adjusted so that the baseline is flat. The third term considers the contribution of the thermal inertia of the system. The heat flow generated by a reaction or phase transformation in the sample f r can be expressed by the heat evolution, h, which occurs in the sample: f r ¼ dh=dt. Chen et al. [22] assumed a linear dependence of the rate of heat evolution during solidification on the rate of solidphase fraction, dh=dt ¼ Hðdð1 À f l Þ=dtÞ, the total latent heat of solidification, H, is assumed to be constant. Eq. (1) can be rewritten as
The terms H and RC were treated as adjustable parameters determined from the measured DSC curve of the sample. H is obtained by integration of the area under DSC curve after the baseline was subtracted, and the term RC, time constant t of the DSC, is iteratively obtained from the after reaction part of the DSC curve because there is no reaction heat input or output in the sample cell then [23] .
Results and discussions

Samples in the Mg+Al 4 Sr+g-phase field
Composition 1 (3.32/87.29/9.39 Sr/Mg/Al wt%) is located close to the Mg-rich corner in the primary precipitation field of Mg and in the Mg+Al 4 Sr+g-phase field as can be seen in Figs. 1. Fig. 2 shows the SEM image, EPMA analysis and solidification curve of this composition. SEM image indicates that: (i) the matrix region (A) contained magnesium and small amount of aluminum; (ii) the grain boundary region (B) contained magnesium as well as aluminum and strontium. Table 2 summarizes the compositions and the phases at room temperature identified by SEM/EDS, EPMA and XRD analyses. Two phases, (Mg) and (Al 4 Sr), were positively identified in the microstructure. SEM image shows that the dark Mg-matrix phase was separated by bright precipitates and the grain boundary network is not continuous. The network is connected via Mg-matrix bridges. Mg 17 Al 12 (g) phase was not identified positively in the XRD pattern. The (Al 4 Sr) phase is located at the grain boundary region and appears to be lamellae. The AJ51x, AJ62x and AJ62Lx alloys developed by Noranda also showed this phase [11] . Large ternary solid solubility was observed in this alloy. Quantitative EPMA analysis in Fig. 2 (IV) shows that Mg dissolves 4.8 at% Al, whilst the Al 4 Sr dissolves 23.2 at% Mg. It is worth noting, as can be seen in Fig. 2(III) , that the solidification curve deduced from the DSC measurement shows that (Mg) starts to solidify at 602 1C consuming 67 wt% of the liquid and, binary and ternary invariant reactions occur at 517 and 525 1C, respectively, precipitating (Mg) and (Al 4 Sr) from the remaining liquid at the grain boundary of the Mg-matrix as can be seen in Fig. 2 (I). A very good agreement between the SEM/EDS, XRD and EPMA analyses was observed in terms of phase identification.
Spot analysis of composition 2 (8.65/76.15/15.20 Sr/Mg/ Al wt%) was carried out at two different locations as shown in Fig. 3 . The microstructure is characterized as dendrites and two types of secondary phases were observed. Both types of secondary phases contain all the three elements; Mg, Al and Sr. The eutectic morphology is more evident in this alloy than in composition 1 as shown in Fig. 3(II) . Moreover, the solidification curve, as can be seen in Fig. 3 (III), shows that (Mg) starts to solidify at 530 1C down to 516 1C consuming more than 17 wt% of the liquid, (Mg) and (Al 4 Sr) precipitate at 516 1C then a ternary invariant reaction occurs at 507 1C precipitating (Mg), (Al 4 Sr) and (Mg 17 Sr 2 ) consuming the remaining liquid. It can be seen by the EPMA analysis, as shown in Fig. 3 and Table 2 , that the dark phase is Mg dissolving 7.4 at% Al and the gray bulky phase is Mg 17 Sr 2 dissolving 19.3 at% Al. Al 4 Sr was predicted by the thermodynamic calculation of this alloy and confirmed by the XRD measurement but due to the small size of the precipitates it was difficult to detect this phase using EPMA.
In the present EPMA analysis, the large precipitate (spot B) shown in Fig. 3 large precipitate observed in sample 2. However, the stoichiometry of this bulky phase was not clearly identified and they [11] tentatively designated the phase as Al 3 Mg 13 Sr. According to the current research, the extent of the (Mg 17 Sr 2 ) phase field in the calculated ternary Mg-Al-Sr system reported by [14] and [15] is predicted narrower than what it should be and thus the system needs to be re-optimized. Fig. 4 shows SEM image, EPMA analysis at three different spots and solidification curve of composition 3 (6.88/65.45/27.67 Sr/Mg/Al wt%). The plate-like phase is identified as (Al 4 Sr) while the darker phase is designated as (Mg) according to the EPMA and XRD analysis as summarized in Table 2 . g-phase detected in region (C) was identified positively in both XRD and EPMA analyses. Ternary solid solubility was measured by quantitative EPMA analysis. It can be seen in Fig. 4 (II) that Mg dissolves 11.4 at% Al whilst the binary compound Al 4 Sr dissolves 7.9 at% Mg. A very small amount of Sr was detected in region (C) and negligible amount in region (B). Moreover, the solidification curve of sample 3 in Fig. 4(III) shows three-phase transformations: first occurs at 525 1C forming (Al 4 Sr) consuming around 10 wt% of the liquid, second at 472 1C forming (Al 4 Sr) and (Mg) and the third one at 429 1C precipitating (Al 4 Sr), (Mg) and g from the remaining liquid. Table 2 that both (Mg), (Al 4 Sr) were identified by XRD and EPMA analyses whereas g phase was not detected in the XRD pattern. In this sample, Al 4 Sr dissolves 10.8 at% Mg as shown in Fig. 5 Fig. 1 . It can be seen in Fig. 6 (I) that the amount of plate-like phase is relatively higher than in composition 2 and 4. This phase is identified as (Al 4 Sr) by XRD and EPMA analyses as shown in Table 2 and Fig. 6(II) , respectively. Besides, the solidification curve of sample 5 in Fig. 6 (III) shows that formation of (Al 4 Sr) consumed more than 60 wt% of the liquid, this is evident from the relative amount shown in the SEM image in Fig. 6(I) . g-phase is identified in region (B), which appeared with higher contents in alloy 5 than in alloy 4. The matrix in region (C) was identified as (Mg) and supported by XRD analysis as shown in Table 2 . A very good agreement between XRD and EPMA analyses was observed.
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Composition 6 (24/30/46 Sr/Mg/Al wt%) is located faraway from Mg-rich region and very close to the boundary of two three-phase regions; Mg+Al 4 Sr+g and Al 4 Sr+g+b. In the XRD and EPMA analyses, g and (Al 4 Sr) were identified positively as shown in Table 2 and Fig. 7(II) . Here, Al 4 Sr dissolves 4.9 at% Mg. In addition, SEM/EDS analysis indicated that the plate-like phase has the three elements; Al, Sr and a very small amount of Mg, whereas region (B) contained Mg and Al. Also, some distinct peaks that are not associated with the known phases in the Mg-Al-Sr system have been observed in the XRD pattern and tentatively designated as t, a ternary compound or solid solution, which is, however, not being identified and confirmed by EPMA analysis in the microstructure.
SEM image and EPMA analysis of composition 7 (32/ 22/46 Sr/Mg/Al wt%) are shown in Fig. 8 closer to Al 4 Sr compound. The solubility of Sr in g was also found negligible in this alloy.
Samples in the Mg+Al 4 Sr+Al 2 Sr phase field
It can be seen in Fig. 1 that composition 8 (22 .78/54.39/ 22.83 Sr/Mg/Al wt%) is located in the Mg-rich corner close to composition 4, but the two alloys belong to two different phase fields. SEM image as shown in Fig. 9(I) shows that the size of the plate-like phase is relatively smaller than in alloy 4 and it is distributed more evenly in the microstructure. Table 3 summarizes the compositions and room temperature phase contents identified by EPMA, SEM/ EDS and XRD for the samples in this phase field. (Mg), (Al 4 Sr) and (Mg 17 Sr 2 ) were identified in the diffraction patterns and by the EPMA analysis of regions (A), (B) and (C), respectively, as shown in Fig. 9(I) . From the EPMA analysis shown in Fig. 9(II [14, 15] as shown in Fig. 1(I) of the light gray phase is also not close to that of Al 3 Mg 13 Sr observed by Baril et al. [11] . In Fig. 9(III Fig. 10 . The microstructure of alloys 8 and 9 appeared to be quite similar. It is a plate-like structure with dark and light-gray phases. It can be seen in Table 3 that (Mg), (Al 4 Sr) and (Mg 17 Sr 2 ) have been identified in the XRD pattern; however, with the EPMA analysis only (Al 4 Sr) and (Mg 17 Sr 2 ) have been identified. The plate-like phase has been identified as Al 4 Sr that dissolves 12.5 at% Mg. According to the EPMA analysis shown in Fig. 10(II) , the light gray phase in region (B) is Mg 17 Sr 2 dissolving 20.2 at% Al. Similar ternary solid solubility has been observed in composition 8. It is obvious from the above discussion that a ternary solid solubility of Mg 17 Sr 2 has been formed in the studied alloys and the phase region was not predicted correctly by [14, 15] . According to the current understanding of the Mg-Al-Sr system, this sample is located in the three-phase region of (Mg), (Al 4 Sr) and (Mg 17 Sr 2 ). It is worth noting, as shown in Fig. 10(III) , that the solidification curve shows that (Al 4 Sr) start to solidify at 600 1C down to 445 1C consuming around 10 wt% of the liquid, binary and ternary invariant reactions occur, respectively, at 545 and 512 1C precipitating (Al 4 Sr), (Mg 17 Sr 2 ) and g from the remaining liquid. Table 4 summarizes the results of the investigated samples in this phase field. Fig. 11 shows SEM image and EPMA analysis of composition 10 (9.5/40/50.5 Sr/Mg/ Al wt%). The microstructure of this alloy exhibits different morphology where the plate-like phase appears thinner. The XRD and EPMA analyses, shown in Table 4 and Fig. 11(II) , respectively, identified (Al 4 Sr) and b positively. In the XRD pattern, g had a very small volume fraction and it was also not identified in the EPMA analysis. In this sample, Al 4 Sr phase dissolves 4.0 at% of Mg as shown in Fig. 11(II) .
Samples in the Al 4 Sr+g+b phase field
SEM image and EPMA analysis of composition 11 (11/ 30/59 Sr/Mg/Al wt%) are shown in Fig. 12 . The microstructure is characterized by thick and thin plate-like structures and both of them have similar chemistry. The XRD analysis as reported in Table 4 identified three phases: (Al 4 Sr), g and b. The EPMA analysis, however, confirmed the existence of two phases (Al 4 Sr) and b. It was observed that Al 4 Sr dissolves 2.1 at% of Mg in both regions (A) and (C) as can be seen in Fig. 12 (II). 
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Al+Al 4 Sr+b phase field
Fig. 13 and Table 5 show SEM/EDS, XRD pattern and EPMA analyses of composition 12 (23/15/62 Sr/Mg/Al wt%). The plate-like phase became thicker and larger as the alloy becomes closer to the Al 4 Sr-rich region. Regions (A) and (B) were identified as (Al 4 Sr) and b by EPMA analysis which was supported by the XRD results as shown in Table 5 and Figs. 13(II). (Al) was identified only in the XRD pattern as the microprobe analysis was conducted only in the two distinct regions of the micrograph shown in Fig. 13(I) . Quantitative EPMA analysis shows that Al 4 Sr dissolves 1.7 at% Mg, whilst the b phase does not show any solubility of Sr. In all the three alloys which contained b phase, no or negligible solubility of Sr was detected by the EPMA analysis. Table 6 , identified both (Mg) and (Mg 17 Sr 2 ). According to SEM and EPMA analyses the dark phase was identified as Mg, which dissolves 5.0 at% Al. The large precipitates are identified as Mg 17 Sr 2 that dissolves 8.5 at% Al. Fig. 15 shows SEM/EDS at two different spots and EPMA analyses of composition 14 (32.74/60.55/6.71Sr/ Mg/Al wt%). Two phases have been identified positively by XRD in sample 14 as shown in Table 6 . EPMA analysis identified the phases in regions (A) and (B) as (Mg 17 Sr 2 ) and (Mg 38 Sr 9 ), respectively, as shown in Fig. 15(II) . SEM/ EDS analysis indicates that both regions (A) and (B) contain all the three elements; Mg, Al and Sr. In this alloy, EPMA analysis shows that Mg 17 Sr 2 dissolves 6.4 at% Al and Mg 38 Sr 9 dissolves 12.5 at% Al. This suggests, also, that the extent of the (Mg 38 Sr 9 ) phase field in the ternary Mg-Al-Sr system is predicted narrower in the calculated phase diagrams reported in Refs. [14, 15] and thus the system needs to be re-optimized.
Based on the experimental results presented in this article, a new Mg-Al-Sr isothermal section at 300 K was drawn and compared with that calculated from the thermodynamic modeling of [14] . It can be seen in Fig. 16 that the extended solubility of the binary compounds, observed in this work, resulted in significant deviation between the two isothermal sections.
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Solubility limit of the ternary solid solution Mg x Al 4Àx Sr
A solid solution of Mg in Al 4 Sr was detected by XRD as well as EPMA. Solid solubility up to 23.2 at% Mg in the Al 4 Sr compound was detected in the investigated samples. Lattice parameter, as shown in Fig. 17 , increases linearly with Mg content as does the unit cell volume. The relation between lattice parameter C and Mg content is represented in Eq. (3), which describes the experimental data well with a coefficient of determination, R 2 , 99.34%. Such a behavior was expected considering the similar atomic sizes of Mg and Al; the atomic radius of Mg is 0.160 nm against 0.143 nm for Al, i.e., an increase of about 11%.
From the above equation, the extrapolated value at x ¼ 0:0 is C ¼ 11:082Å. The experimental C lattice parameter of the Al 4 Sr have been reported as C ¼ 11:07Å [24] . This excellent agreement between the extrapolated and measured values confirms that the lattice parameter, C, of the Mg x Al 4Àx Sr solid solution increases linearly with Mg content, x, obeying Vegard's law in the investigated samples. This solid solution is not a separate phase but it is due to the substitution of Al by Mg atoms in the binary Al 4 Sr. Moreover, the solid solution of Mg in Al 4 Sr must be considered as substitutional solid solution because of the following reasons: (i) Al/Sr ratio is not constant as proven by the EPMA analysis of all the samples containing this phase, and (ii) the numerical simulation of the X-ray spectra assuming substitutional solid solution using Pow-derCell 2.3 [25] agrees well with the experimental spectra but not if the solution is assumed to be interstitial. Further, it was observed that the other lattice parameter, a, remained constant.
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Concluding remarks
A microstructural characterization of ternary Mg-Al-Sr alloys using XRD, SEM/EDS and EPMA was carried out. In the present investigation, three ternary solid solubilities have been reported; (Al 4 Sr), (Mg 17 Sr 2 ) and (Mg 38 Sr 9 ). The solid solution (Al 4 Sr) is represented by Mg x Al 4Àx Sr, which has plate-like structure. The maximum solubility of Al in Mg 17 Sr 2 in the studied samples was found to be 21.3 at%. It was also observed that Mg 38 Sr 9 dissolved 12.5 at% Al. A very negligible solubility of Sr in b and g-phase was detected by EPMA analysis. The extended solid solubility of the binary compounds agrees with the experimental isothermal section of the Mg-Al-Sr system at 300 K. This isothermal section shows a triangulation involving Mg 17 Sr 2 , Al 4 Sr and Mg 2 Sr.
